Mesoscopic threshold detectors: Telegraphing the size of a fluctuation 
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We propose a two-terminal method to measure shot noise in mesoscopic systems based on an 
instability in the current- voltage characteristic of an on-chip detector. The microscopic noise drives 
the instability, which leads to random switching of the current between two values, the telegraph 
process. In the Gaussian regime, the shot noise power driving the instability may be extracted from 
the I-V curve, with the noise power as a fitting parameter. In the threshold regime, the extreme value 
statistics of the mesoscopic conductor can be extracted from the switching rates, which reorganize 
the complete information about the current statistics in an indirect way, "telegraphing" the size of 
a fluctuation. We propose the use of a quantum double dot as a mesoscopic threshold detector. 
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I. INTRODUCTION 

Shot noise in mesoscopic conductors?^ has attracted 
great interest, both theoretically and experimentally. 
While shot noise measurements are an important tool 
in experimental labs, the measurement of non-Gaussian 
noise presents an experimental challenge!^ Noise charac- 
teristics beyond the size of the typical fluctuation, known 
as full counting statistics (FCS) j 5 i 6 i 7 are interesting be- 
cause they bring additional information about the trans- 
port properties of the measured conductor. In particu- 
lar, the extreme value statistics (EVS) can have quali- 
tatively different behavior than typical fluctuations 
and thus gives rise to new physical effects. How these rare 
fluctuations can be measured is one outstanding question 
that this paper is concerned with, and has only recently 
received attention&ii 

The standard measurement method runs the current 
through a series of cables, filters and amplifiers before 
the noise is detected. While this works well for the noise 
power, and can be extended to the third cumulant with 
great effort)^ it is very hard to experimentally measure 
rare current fluctuations. A breakthrough in measure- 
ment technology came with on-chip detectors, which use 
superconducting devices, or quantum dots for a variety 
of functions, such as fast qubit read-ou t 12 i 13 or high- 
frequency quantum noise measurement piii^ 

In addition to the many advantages of going on-chip, 
a further possibility advanced in this paper is the use 
of two-terminal, rather than four-terminal measurements 
for low frequency noise. Four-terminal measurements are 
intrinsically limited by the small coupling constant be- 
tween the measurement circuit and the conductor, as well 
as by the fact that the low-frequency noise can evade the 
measurement device by leakage through the bias line^ 
In contrast, a two-terminal noise detector is strongly cou- 
pled, and detection is fundamentally a non-perturbative 
process that serves as a preamplifier of the low frequency 
microscopic noise. 

In order to exploit the above advantages, we propose 
circuits with an instability as detectors of low frequency 
noise, as well as FCS. The considered on-chip circuit 
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FIG. 1: The currents of the circuit elements are plotted as a 
function of the charge on the capacitor Q. The left element 
(NL) has a region of negative differential resistance, allowing 
bistability: The average current in the circuit is conserved at 
two stable points, Qi,2, and one unstable point, Q u . Inset: 
Noise measurement circuit. The mesoscopic conductor with 
parallel capacitor are connected in series with the nonlinear 
element. 



consists of a mesoscopic conductor with a parallel meso- 
scopic capacitor, connected in scries with the nonlinear 
element (see Fig. The nonlinear element has a region 
of negative differential resistance, which allows bistabil- 
ity. The mesoscopic conductor loads the instability, so 
that there are two stable charge points on the capaci- 
tor, corresponding to two different currents through the 
circuit. In this bistable range, the shot noise occasion- 
ally causes the circuit to transit from one stable state to 
the other, producing a random telegraph signal^ The 
rate of transition is exponentially sensitive to the size 
of the fluctuation^ and thus serves as a threshold de- 
tector for the rare current fluctuations. Although the 
threshold rates are not a direct measurement of the FCS, 
they reorganize the complete information about the noise 
statistics in an indirect way, "telegraphing" the size of a 
fluctuation. Therefore, bistable systems are a promis- 
ing candidate for low-frequency noise detectors, and can 
confirm or falsify a given prediction for FCS. 

The paper is organized as follows. In Sec. ^ we first 
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review the statistical properties of the general telegraph 
process, as well as the instanton dynamics for noise driven 
circuits, and the results for the bistable switching rates. 
This sets the stage for the application of this physical 
process. The implications of the Gaussian noise limit are 
considered in Sec. lIIII and we find that the I-V curve may 
be used to extract the noise power as a fitting parameter. 
The results for the second and third cumulant are also 
given, and the role of the asymmetry in the rates is dis- 
cussed. In Sec. II VI we examine several effects that arise 
when the bistable circuit is combined with an external 
circuit. The threshold detector of EVS is introduced in 
Sec. We give results for the threshold rates of sev- 
eral processes, and discuss stabilization effects that arise 
when the tails of the distribution have a cut-off. The 
quantum double dot is proposed as an implementation of 
the threshold detector in Sec. IVII We discuss the meso- 
scopic circuit, needed conditions and constraints, as well 
as feasibility. Sec. IVIII contains our conclusions. 



II. SET-UP AND BISTABILITY RESULTS 

We first review the essential results on the transport 
statistics of bistable systems. 9 Consider the circuit shown 
in the inset of Fig. 1, biased with voltage V. The av- 
erage current through both circuit elements is plotted 
in Fig. 1 versus the charge on the parallel capacitor C 
(we choose to speak about the charge on the capacitor, 
rather than the voltage across the right element Q/C.) 
The nonlinear element on the left has a range of negative 
differential resistance, which leads to the possibility of 
three charge/current points, (Qx, Ii), (Q2, h), (Qu, lu), 
where the I-Q curves intersect, so the average current 
is conserved in the circuit. The central intersection at 
Q u is unstable to small charge perturbations, while the 
outer two intersections <3i, 2 are stable. The microscopic 
non-equilibrium noise is correlated on a short time scale 
To ~ h/eV , and drives the collective system on the longer 
RC-time of the circuit, tq 3> tq. Occasionally, the mi- 
croscopic noise causes the system to transit between sta- 
ble states. As a result, the measured current switches 
back and forth between I\ and I 2 , with rates Ti t %. These 
rates contain valuable information about the statistical 
nature of the driving noise that will be examined later. 
On a long time scale, the system relaxes with the rate 
Ts = Ti + T 2 to the stationary state. This stationary 
state has constant probabilities to occupy one of the two 
stable points, 

Pi = r 2 /r s , p 2 = iyr s . (i) 

Therefore, the average current is 



The randomness of the duration in either of the stable 
states leads to the fluctuation of the transmitted charge 

Q(t) = [ dt'I(t'). (3) 
Jo 

This random variable has a probability distribution 
P(Q(t)), which may be specified by its moments. In the 
stationary limit, it is more convenient to consider the cu- 
mulants (irreducible correlators) because they are linear 
in time, ((Q n )) = t((I n )), and may be used to define 
time-independent current cumulants, ((/")). The second 
cumulant and third cumulant of the switching current 
described above are given respectively by^ 

((/ 2 )} = ]T + 2(A/) 2 r 1 r 2 /r|, (4) 

n=l,2 

((/ 3 )} = inP„ + 6(A/) 3 r 1 r 2 Ar/r|, (5) 

n=l,2 

where AI = 1% — I±, while F n and L n are the noise 
power and third cumulant of the stable points, which de- 
scribe the small fluctuations around 2i j2 . The first term 
in Eq. Q is the weighted noise power of the stationary 
states, and the second term is the well-known result for 
zero-frequency telegraph noised The telegraph contri- 
bution dominates the bare contribution because it scales 
as Tg 1 in the second cumulant, and as Tg 2 in the third. 9 
An important feature of bistable systems is that the 
I-V curve makes a rapid transition from I\ to 7 2 as a 
function of the bias voltage (see Fig. 2 and the discus- 
sion below), while the current cumulants show a peak 
structure. During this transition, the specific values of 
the currents I\ : 2 may be considered constant. If one has 
access to the first three cumulants of an unknown pro- 
cess, one may utilize these cumulants, Eqs. (I2I4I5H . to di- 
agnose whether bistability exists or not. The dominant 
telegraph contribution to Eqs. (121 II) may be used to elim- 
inate the rates, and substitution into Eq. JSJ then yields 
the third cumulant of the telegraph process in terms of 
the first two>i£ 

This equation may serve as a valuable test of experi- 
mental data because there is no fitting parameter. The 
above procedure was used by Flindt, Novotny, and Jauho 
to demonstrate bistability in numerical studies of the 
nanomechanical shuttleii 9 - 

The above results 1121 IKil are general and apply to any 
telegraph process, independent of its microscopic origin. 
We now turn to the bistable circuit driven by current 
noise. The microscopic current fluctuations Il,r of the 
two circuit elements may be described with generating 
functions of the current cumulants (that are Markovian 
after the correlation time To), 



(I) = L -Pn- 

n=l,2 



(2) 



H a (X a ) = $>2/n!)<(0>, a = L,R, (7) 

n 
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where the cumulants are functions of the charge on 

the capacitor Q (we set the electron charge e=l through- 
out the paper). The fact that the correlation time To is 
much smaller than the RC-time tq of the circuit, means 
the slow dynamics is classical^ The circuit dynamics 
may now be described with the stochastic path integral 
formalism^2i2i This formalism is quite general and has 
been applied to a wide variety of stochastic problems in 
mesoscopic physics i n addition to the sep- 
aration of time scales, we require that the instability is 
well developed, so that the stochastic bistable switching 
rates are given by 9 



I\ 2 = Wi,2 exp(-Ai j2 ), 



where the action 



dQ A in (Q), 



(8) 



(9) 



must be larger than one. The attempt frequency ui% t 2 is 
subdominant and will be neglected. The function Ai n (Q) 
(which we refer to as the instanton line) is implicitly de- 
fined by the nontrivial solution of the algebraic equation 9 
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H(Q,X) = H L (Q,X) + H R (Q,-X) = 0, (10) 

which can be found for arbitrary noise statistics by a 
reversion of the power series, 

H(X) = (I L - Ir)X + (1/2)(Fl + F^)A 2 + . . . = 0, (11) 

where I LiR = (I L . R ) and F L<R = ((if^)). 

There are two physical limits that we now consider, 
based on the comparison of the maximum current dif- 
ference through the instability 81 — max{|7£ — I R \} (re- 
ferred to as the current threshold) to the total noise power 
at the instability, F = (F L + F R ). In the Gaussian limit, 
discussed in the next section, the current threshold is 
small compared to the total noise power, SI <C F so 
the system is effectively driven by Gaussian noise alone, 
with higher current cumulants making only small correc- 
tions. In the threshold limit, discussed in Sec. the 
current threshold is large compared to the total noise 
power, SI > F, so it will be the tails of the distribution 
that drive the switch. 

In the counting statistics literature, it is usually the 
generating function of the stochastic process that is 
sought. We would like to comment that the instanton 
line HlOfl for a noiseless nonlinear element characterizes 
the stochastic process in a different way that nevertheless 
contains all the information about the rare events. Fur- 
thermore, it is directly related to a physical quantity that 
is readily observed in experiments, the switching rate JHJ), 
and therefore provides a more useful characterization of 
the EVS. 



FIG. 2: (color online). The average current (7), the noise 
((J 2 )), and third cumulant ((I 3 )} are plotted as a function 
of the scaled voltage, for different asymmetry parameters, j3. 
(a) The asymmetry is invisible in the current, but it produces 
a shift in the peak location of the noise, (b) The asymme- 
try is further magnified in the third cumulant, that shows a 
weighted peak and dip. (c) By plotting the logarithm of the 
ratio Q = (dI/dV)/{{I 2 )) versus voltage, the asymmetry pa- 
rameter P is given asymptotically by the negative difference 
of the slopes, divided by the sum of the slopes. We have taken 
h =0,h = 1, V = 0, and T =- .1. 



III. I-V CURVE IN THE GAUSSIAN LIMIT 

We now consider the Gaussian limit, SI <C F, and 
demonstrate how to extract the noise alone from the 
telegraph process. Keeping only the first two terms in 
Eq. 111|) . the instanton line is given by 

X in {Q) = ~2{I L -I R )/{F L + F R ), (12) 

implying that |Ai n | <^ 1 and justifying the series trunca- 
tion. To leading order in SI j F, the microscopic noise is 
constant, F — Ft, + F R = const, and may be taken out 
of the action integral. For a well developed instability, 
Ai 7 2 > 1, the current will make a transition from I\ to I2 
on a voltage scale smaller than the total instability scale 
(Q2 — Qi)/C (see below). On this smaller voltage scale, 
the currents Ji 2 are approximately constant, and we may 
linearize the actions A\ i in voltage around the point Vq 
where they are equal, A\ — Ai- This linearization gives 
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the transition rates, 

Ti, 2 = r exp[-(2C/F)(/ 1 , 2 - I U ){V - V )], (13) 

where I\^ and are taken at V = Vq. The rates have an 
activation form with (in general) different energy scales. 
Nevertheless, the I-V curve, Eq. (J5J, depends only on the 
ratio of the rates, and therefore has a universal form, 

I{V) = + ^ tanh [(C AI/F) (V - V )\ . (14) 

Thus, as a function of V, the current has a step on a 
voltage scale SV — F/(CAI). The conditions A\p ^ 
\Qi,2 - Qu\SI/F > 1 and AI > SI, imply SV < (Q 2 - 
Qi)/C, so the action linearization is justified. 

Assuming the capacitance C is known, the noise power 
driving the instability can be accurately obtained by fit- 
ting data with Eq. I|14|) . with F as the only fitting pa- 
rameter. In contrast, the noise power and third cumulant 
of the telegraph process do not have a universal form be- 
cause they depend on the rates directly. The behavior 
of the cumulants may be characterized by an asymmetry 
parameter (3 = (I1+I2 — 2I U )/AI that describes the dif- 
ference in the activation energy scales of the rates (II 31) - 
In Fig. 2, we plot the first three cumulants, Eq. Q2I4I5[I . 
for the rates in Eq. I|13|l versus the normalized external 
voltage for different values of the asymmetry parameter. 
The asymmetry is invisible in the current, creates a small 
shift in the noise peak, and is further magnified in the 
third cumulant. We would like to stress that the third 
cumulant may have either a peak or dip, depending on 
the sign of the asymmetry parameter. The asymmetry 
may be directly extracted by plotting the logarithm of 
the ratio Q = (dl/dV)/ ((I 2 )) versus bias and reading off 
the asymptotic slope as done in Fig. 2c. The asymme- 
try parameter (3 is given by the negative difference of the 
slopes, divided by the sum of the slopes. 

By first calibrating with an equivalent resistor to de- 
termine Fl and C, (where the bistable system is driven 
by the noise of the nonlinear system alone), the shot 
noise power Fr of the mesoscopic sample may be ex- 
tracted. Alternatively, one may use a nonlinear system 
with known noise properties. Note also, that the detailed 
shape of the nonlinear I-V is not important, so long as 
the above assumptions are met. The accuracy of the mea- 
surement is limited by the accuracy of the I-V curve. The 
signal-to-noise ratio grows as the square root of the num- 
ber of switches, and should be large. To move to another 
bias point, the nonlinear I-V curve should be shifted up. 
This can be done by attaching an additional current bias 
line between the circuit elements, e.g. with a separate 
bias and tunnel junction. The external voltage and cur- 
rent bias allow a fully tunable bistability. This method 
may be applied even for macroscopic unstable systems, 
such as resonant tunneling diodesj2£i2L2& because while 
C is large, SI can always be made smaller by shifting the 
bias to reduce the current barrier. 
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FIG. 3: System dynamics in the case of a current biased cir- 
cuit. Starting at Vi, the system can hop to the empty circle 
at Vu on the time scale re, and then fall to the black dot on 
the lower dashed load line. This creates a current below the 
external current bias, so the circuit adiabatically adjusts by 
moving along the arrow to Vi on the time scale trc- After 
a time on the order of Fg 1 , the system can then hop over 

(2) 

the barrier to the empty circle at voltage Vi , and fall to 
the black dot on the upper dashed load line. This state has 
a current above the bias current, so the system adiabatically 
follows the arrow back down to Vi on the time scale trc, 
completing the cycle. 

IV. EXTERNAL CIRCUIT EFFECTS 

In this section, we investigate how the external cir- 
cuit can influence the statistical properties of the bistable 
system. In the first experiment on non-Gaussian noise, 
feedback effects from the external circuit played an im- 
portant rolei&Si If the mesoscopic system is imperfectly 
voltage biased, the voltage across the mesoscopic sample 
will fluctuate on a long time scale. These slow fluctu- 
ations alter the transport conditions, and provide addi- 
tional contributions to the individual current cumulants, 
named 'cascade corrections' We argue below that 
the voltage fluctuations across the circuit may also affect 
the switching rates. 

We begin this analysis by considering a common ex- 
perimental set-up, the current biased circuit, where the 
external circuit resistance is much larger than the sam- 
ple resistance. The large circuit resistor fixes the current 
through the sample so current fluctuations vanish, creat- 
ing voltage fluctuations instead. The transport dynamics 
is characterized by three relevant time scales. The RC 
time of the system tq , the RC time of the external cir- 
cuit trc, and the inverse switching rate T^ 1 . Any realis- 
tic measurement circuit is current biased on the external 
RC-time, longer than the system relaxation time, leading 
to the ordering, 

T-c<r flC ,r s 1 . (15) 

We first consider the experimental situation when the 
typical time spent in the stable states is much longer than 
the external circuit RC-time, 

Tfl C «iy. (i6) 
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In this parameter range, the dynamics is sketched in 
Fig. |3| On the time scale tc, the average voltage across 
the nonlinear system changes very little, so the dynam- 
ics is effectively voltage biased. The system transitions 
from V\ or V2 to the black dot along the slanted load 
line. On the time scale trc, the voltage across the non- 
linear element adiabatically relaxes to restore the current 
to its proper value. The system then switches again on 
the other slanted line after a time T^ 1 . The main differ- 
ence with respect to the voltage biased case is that the 
step will be in voltage, not current, and therefore the I- 
V curve will have a plateau, not a step. Repeating the 
derivation that lead to Eq. (|14|l . we find, 



V(I) 



Vl + v, , Ay 



tanh 



(CAV/F) (I - I 



(17) 



where Iq is the current value where the rates are equal, 
and AV — AV+vi^ — Vu is not the same as in the pref- 
actor because the values of the unstable voltage are differ- 
ent in the shifted curves of Fig. [21 This non-universality 
will be small if the mesoscopic element has a large re- 
sistance, so Vu^ — Vu is small. As the above analysis 
shows, the usual experimental procedure of taking volt- 
age noise data, and converting it into current noise fails 
if there is an instability. 

A separate circuit effect arises because the stable cur- 
rent state produces its own shot noise, that the exter- 
nal resistor suppresses, creating voltage noise on a time 
scale trc across the mesoscopic part of the circuit. This 
voltage noise adiabatically rocks the current threshold, 
increasing the average transition rate. The relative mag- 
nitude of this effect can be estimated by comparing the 
variance of the rocking potential with the voltage scale 
of the transition, 5V, and is small if tc <C trc, as we 
have assumed. 

Considering now the regime 



< Trc, 



(18) 



where the telegraph switching is fast compared to the 
external circuit response time, we see that the voltage 
across the sample has no time to change until after the 
next switching event restores the current to its original 
value. In this regime, the switching is always voltage bi- 
ased. Furthermore, we may consider the whole sample 
as a fast Langevin noise source with telegraph current 
statistics that drives the charge fluctuations in the exter- 
nal circuit. Current cumulants may now be computed in 
the usual way for stable systems with a nonlinearityi2iiS 



V. THRESHOLD DETECTORS AND FULL 
COUNTING STATISTICS 

We now propose a measurement scheme for the EVS of 
a mesoscopic conductor. The idea is to use the bistable 
system as threshold detector, in the limit SI > F 1 , where 
the switch will be driven by the non-Gaussian tails of the 




FIG. 4: Schematic of the average current flowing through 
the threshold detector and Ohmic mesoscopic conductor as 
a function of the charge. The detector current has a peak 
with center Qo, width AQ, and maximum current Jo- The 
mesoscopic conductor is defined to have currents I = I m and 
I — at the stable states. 

current distribution. We consider the shot noise regime, 
where the current cumulants are proportional to the av- 
erage current, H a {Q, A) = I a {Q)h a (X), and h a generates 
the generalized Fano factors. Then, Eq. (| 1 C j|t for the in- 
stanton line takes the following form, 

-h L (X)/h R (-X) = Ir(Q)/I l (Q) = K(Q). (19) 

In this equation, all the non-universal details of the 
charge dependence of the instability appear on the rhs 
in the current ratio 1Z, while the statistical nature of 
the fluctuations appears on the lhs. In order to probe 
the probability of having a very large (small) current in 
the mesoscopic system, the threshold limit we are now 
concerned with implies that the extremal value of 1Z 
through the instability is much smaller (larger) than 1. 
This means that in contrast to the Gaussian limit, where 
Eq. [(111)1 gives A TO = max{|Ai n |} <C 1, the threshold limit 
implies A m > 1. This corresponds to large action, or a 
very small switching rate, which makes the measurement 
of the FCS experimentally challenging. To overcome this 
difficulty a general strategy should be based on the fol- 
lowing ingredients: 

1. A separation of time scales, that allows the mea- 
surement of the Markovian FCS of the fast micro- 
scopic noise sources that drive the classical circuit 
on a longer time scale. 

2. The action A ~ AQX m must be larger than one, 
but not so large that the system never switches on 
experimental time scales. 

3. The instability must be such that the current ratio 
1Z = Ir/Il is larger (or smaller) than one in the 
bistable range, so that A m > 1. 

4. A sufficiently large bias, so that the circuit is both 
in the bistable range, and the bias across the meso- 
scopic element exceeds the temperature. 
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FIG. 5: Sketch of the experimental procedure to extract the 
EVS of a mesoscopic conductor. The current in the conduc- 
tive state I m decays as a function of the external bias on the 
scale of the peak width 7. Inset: The system will switch from 
the conducting state to the insulating state on a time scale 

i/r 2 

5. A further useful (but not essential) ingredient is 
that the nonlinear element is noiseless, so that 
the transition is driven by the mesoscopic element 
alone. 

Condition (2) is the most severe constraint. In order 
to have the action not too large, AQ must be compa- 
rable to the electron charge, implying that the capac- 
itance of the circuit is in the mesoscopic range. This 
excludes macroscopic nonlinear elements such as tunnel 
diodes from measuring full counting statistics (though 
not Gaussian noise, see Sec.|Tn|. Conditions (2) and (3) 
together determine the necessary shape of the instability. 
In order to have AQ small, and TZ = Ir/Il large, the I- 
Q characteristic of the nonlinear element should have a 
sharp peak or dip, the first of which is shown in Fig. 4. 

To measure FCS using this peak, the switching rate 
should be measured as a function of the external bias, 
that moves the mesoscopic load line down the peak. This 
procedure is sketched in the inset of Fig. 5, which shows 
the real time switching from the stable point with average 
current I m , via the current peak, to the other stable point 
with zero current. The dependence of I m versus V — Vth 
is shown in Fig. 5, where Vth is the value of the external 
bias at the current maximum. A direct measure of the 
current EVS may be obtained by dividing the log-rate 
by the voltage jump, in order to remove the effect of the 
shape of the current peak, and plotting 

S={logT)/C{V-V th ), (20) 

versus I m /I . 

We now consider the switching rate for Poissonian, 
Gaussian, and Binomial noise sources while assuming 
a noiseless nonlinear element {hi, = A) so that the 
switching dynamics is governed solely by the system 
noise. The characterization of EVS can be extracted 
from the divergence of the action, which corresponds 



FIG. 6: (color online). The normalized log-rate S is plotted 
versus I m /Io for a quantum point contact with transparencies 
T = .5 and T = .2 measured by a noiseless detector with cur- 
rent peak of Lorentzian shape. S has a power-law divergence 
as Im/Io approaches T, which is a manifestation of the 'Pauli 
stabilization' effect (see text). Comparison is also shown with 
the Poissonian limit, whose divergence at the origin is cut off 
by the finite conductance of the QPC. 



to large values of A TO . We compare the most impor- 
tant processes: Gaussian, hn(X) = A + A 2 /2 (Fano fac- 
tor is 1); Poissonian, hji(X) = expA — 1; and Binomial, 
h R (X) = T _1 log[l + T(expA - 1)]. In the asymptotic 
limit (|A| — > 00), Eq. i|19fl may be solved to obtain: 

{—1/7?., Gaussian 
log TZ, Poissonian (21) 

(T\ogT)/(lZ - T), Binomial 

which replaces Eq. I|12|) . 

It is important that all three processes have very differ- 
ent asymptotic behaviors that makes it relatively easy to 
distinguish them in experiments. However, the most sur- 
prising fact is that the Binomial process, characteristic 
of a quantum point contact with transparency T, has a 
sharp power-law singularity at TZ = T . It persists even at 
small T (the tunneling limit) which is usually considered 
to give a Poissonian process. This behavior (discussed 
previously by Tobiska and Nazarov in Ref. 0) has the 
following physical interpretation: The total charge that 
passes the conductor is the sum of independent electron 
attempts, with success probability T, and failure proba- 
bility 1 — T. The Pauli principle allows only one electron 
at a time to make an attempt. Therefore, the current 
distribution has a sharp cut-off at the maximum allowed 
current, when all attempts are successful. This maxi- 
mum current is given by I m ax = (I) /T. If the current 
threshold ratio 1Z is lowered below T, the mesoscopic con- 
ductor has no chance to have a large enough fluctuation 
to overcome the barrier, and the system never switches. 
We propose the name "Pauli stabilization" to describe 
this impotency. To further illustrate the effect, we plot S 
Eq. H2Ufl for a Lorentzian peak in Fig. 6, using a quantum 
point contact with different transparencies. Even if the 
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transparency is fairly small, where Poissonian statistics 
is naively expected, there is still a power-law divergence 
in S. This divergence may be estimated by expanding 
1Z k TZq + aQ 2 near the peak, to obtain 



S~ ~{T\ogT)/^a{1l -T). 



(22) 



An interesting situation occurs when the bistable sys- 
tem is driven by a microscopic noise that is itself a ran- 
dom telegraph process. For instance, a charge trap near 
the right mesoscopic conductor may switch the current 
between I a and lb, with rates r a ,6- The generating func- 
tion of this random process 



1 



1 



(/„ + / 6 )A--(r a + r 6 ) 



y/[(h - i a )x -n + r a ] 2 /4 + r a rv (23) 



The instanton line l|10|l has an exact solution for a noise- 
less nonlinear element, 



Ain(Q) 



It. - h 



V 



(24) 



An important check is Ai n = when II = Ir = 
(Tbl a + r a /f,)/(r a + Tf,). On the other hand, the instan- 
ton solution diverges when II approaches I a or lb, where 
the distribution has a cut-off^ and thus also displays a 
stabilization effect. As II approaches I a or the cur- 
rents may be approximated as h~ II ~ (^° — /£) + e Q 2 , 
so the action itself has a power-law divergence as 



S 



? a , b /yJe(I°-I°). 



(25) 



It is important to note that because the telegraph pro- 
cess has a much larger noise power than shot noise, this 
stabilization effect should be able to be observed even 
with macroscopic nonlinearities, such as tunnel diodes. 
To see why this is so, we estimate the action away from 
the divergence as S ~ T a b tc- Our time scale separation 
demands that T a: b > tc, so S > 1. Other than this re- 
quirement, T a b is an independent parameter. Therefore, 
the action can be made of order one even with a large 
capacitance, so the action divergence from the EVS sta- 
bilization behavior in Eqs. I|24I25[) should be able to be 
seen on experimental time scales. 



VI. DOUBLE QUANTUM DOT AS A 
THRESHOLD DETECTOR 



While the discussion has thus far been rather gen- 
eral, we now concentrate on a specific implementation 
of the mesoscopic threshold detector, a quantum dou- 
ble dot (DD),— We consider the resonant tunneling 
regime, where each dot has a Breit-Wigner resonance of 
Lorentzian shape^^ The transmission as a function of 
energy is 



T(E) 



4 7 2 i 2 



\{E - E + ij){E + E Q + hW 



(26) 



where 7 is the total decay width of the symmetric reso- 
nant levels, t is the tunnel coupling of the middle barrier, 
Eq = t 2 + (AE) 2 /4 is the hybridized energy of the levels, 
and AE is the energy difference between the levels that 
can be adjusted with gate voltages. The total current 
through the double dot also has a Lorentzian shape as a 
function of AE, 



I = 



2-K^t 2 



(27) 



and is maximal at I ma x = i"7 for 7 = t, and AE = 0. 
Despite the fact that the transparencies of the barriers 
are low, the total current is large in the resonant tunnel- 
ing limit. In Fig. 4, AE oc Q, where the coefficient is 
relative capacitance of the two levels to the cavity, and 
AQ oc 7. The Fano factor / at AE — as a function of 
the dimensionless ratio r is 



/ = 



2r 4 



1 



2(1 + r 2 ) 2 



(28) 



and has a minimum at r = \/3/5, where the Fano fac- 
tor is /mjn = 7/32 w .219. At this point, the noise is 
suppressed, but not zero. It is well known that a sin- 
gle Breit-Wigner resonance has a Fano factor of 1/2, and 
here with a double-dot, it is suppressed below 1/4. These 
results naturally lead to the idea that a series of quantum 
dots, or a ballistic narrow-band conductor, may be used 
as an ideal noise detector. 

This double dot is fabricated together with a quantum 
point contact (QPC) connected through a mesoscopic 
cavity as sketched in Fig. The physics of the switch 
is as follows. Current is flowing through the DD with 
the right level slightly above the left, and flowing out 
the QPC. The QPC has a rare event, where many sub- 
sequent electrons succeed in exiting the right contact. 
This depresses the charge in the cavity below the aver- 
age, lowering the potential on the cavity. The potential 
capacitively couples asymmetrically to the two quantum 
dots which aligns the levels on the DD, producing more 
current flowing into the cavity. The QPC continues in its 
rare event, further lowering the potential in the cavity, 
finally misaligning the levels to the unstable point, and 
cutting off transport. 

We now make some estimates of the energy scales and 
parameter ranges for the circuit to function as we wish. 
There should only be a few resonant levels in the trans- 
port window, so the typical energy spacing between the 
adjacent peaks in the I-V curve will be the mean level 
spacing of the quantum dots, Ad. The width of the 
current peak is 7 < Ad, implying the peaks are sepa- 
rated. The current at the top of the peak is given by the 
peak conductance times the width of the barrier, Iq < 7, 
where equality is reached in the perfect resonant tunnel- 
ing limit. 

The first condition is on the conductance of the meso- 
scopic sample Tm (we set the conductance quantum equal 
to 1), so the load line crosses one peak only, as shown in 
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Hi -J -J 

FIG. 7: A double quantum dot in series with a mesoscopic 
quantum point contact with transmission Tm- A metallic side 
gate provides a tunable capacitance. 

Fig. 4, 

h/l > Tm > I /A D . (29) 

The left inequality is most strict for an open QPC, which 
requires perfect resonant tunneling. The right inequality 
is not very restrictive, since Iq/Ad = C^o/tXt/Ad) < 1, 
which allows the pinch-off limit. 

The next condition is the time scale separation be- 
tween the RC-time of the cavity, and the tunneling time 
through the DD. In the case, C > Aq , where C is 
the geometrical capacitance, and Ac is the mean level 
spacing in the connecting cavity at the Fermi energy, 
C^ 1 = (C _1 + Ac) ~ Ac- The time scale separa- 
tion condition 7 > AqTm, simply means that the cavity 
is larger than the quantum dots. Additionally, the ac- 
tion must not be too large, so for the FCS measurement 
(where A m > 1), the charge difference, AQ, must not 
be too large. The charge width is given by the density 
of states of the cavity, times the peak's voltage width, 
AQ ~ 7/ Ac- Together, these two conditions constrain 
the size of the cavity, 

7/7m > Ac > 7/AQ, (30) 

which gives a rather small parameter range. 

Finally, to go out of equilibrium, the system must be 
cooled to mesoscopic temperatures, T < Iq/Tm, much 
smaller than the mean level spacing of the small quan- 
tum dot. However, it would be also interesting to ob- 
serve EVS even in equilibrium. While the noise power in 
equilibrium is simply a consequence of the fluctuation- 
dissipation theorem, the EVS is nontrivial. 

We now compare our idea with other proposals for 
measuring noise and EVS of mesoscopic conductors. In 
the proposals discussed below, the measurement device 
is in a separate circuit weakly coupled to the mesoscopic 
conductor that acts as an external noise source. Aguado 
and Kouwenhoven proposed a double quantum dot as a 
detector of high frequency noised The quantum noise 
causes inelastic transitions between the states of quan- 
tum dot, and therefore the double dot current is propor- 
tional to the noise power at that frequency. Tobiska and 
Nazarov proposed using Josephson junctions as a mea- 
surement device. 8 A rare current fluctuation causes the 



quantum phase to jump over the top of its effective po- 
tential, creating a transition from the superconducting 
phase to the normal conducting phase. The switching 
rate gives information about the probability of the rare 
current fluctuation. Macroscopic quantum tunneling is 
suppressed by having an array of Josephson junctions 
to make the potential barrier width large. Pekola also 
proposed using Josephson junctions as a measurement 
deviceiii In this proposal, the noise first creates a tran- 
sition from the ground state to the first excited state, 
where macroscopic quantum tunneling causes escape. 

The noise experiment implementing this last proposal, 
Ref. 0| , provided additional clarification of the difficul- 
ties involved in measuring FCS. Similarly to the double- 
dot detector^ the Josephson junction measured noise 
at the plasma frequency of the junction, while the low 
frequency noise leaked through the bias line. This also 
explained why the expected exponential dependence of 
the rate on the current threshold was not found. 

Our proposal is based on essentially different physics: 
The threshold detector is supposed to work in a regime 
where detection is a non-perturbative process due to 
strong coupling to the measured system. Although a re- 
alization of this threshold detector is an experimental 
challenge, there are several advantages of our proposal. 
The separation of time scales requirement tq S> tq is 
necessary to measure low frequency noise: The finite re- 
sponse time allows many electrons to enter and leave the 
cavity, so the Markovian limit is reached. This limit also 
implies that quantum effects are not relevant. Detector 
feedback, usually a liability, is completely accounted for. 
In fact, detector feedback is an essential ingredient for 
our proposal. 



VII. CONCLUSIONS 

We have proposed the use of circuit instabilities as two- 
terminal detectors of low-frequency noise. The consid- 
ered circuit consists of a mesoscopic conductor with par- 
allel capacitor, in series with a nonlinear element. The 
nonlinear device contains a region of negative differen- 
tial resistance, which allows bistability. There are two 
regimes of interest, from the point of view of shot noise 
measurement. 

The first is the Gaussian regime, where the noise power 
is much larger than the current threshold. In this limit, 
the noise power is effectively constant, and the higher 
cumulants may be neglected. The noise drives a transi- 
tion between two current values, the telegraph process. 
This process produces a step in the I-V curve of univer- 
sal form, with only one variable parameter, from which 
the noise power may be extracted. The second cumulant 
has a peak at the current step, while the third cumulant 
has a peak and a dip, the relative weight depending on 
an asymmetry parameter of the switching rates. We fur- 
ther considered external circuit effects. In the current 
biased case, the dominant effect is that the I-V curve 
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has a plateau, not a step, because it is the voltage that 
switches, not the current. The measurement of Gaus- 
sian noise may be carried out with macroscopic conduc- 
tors containing nonlinearitics, such as resonant tunneling 
wells. 

The second regime is the threshold regime, where the 
noise power is smaller than the current threshold. In 
this limit, the switch comes from the tails of the distri- 
bution, and is a direct signature of the extreme value 
statistics of the mesoscopic conductor. The most inter- 
esting effect occurs for charge distributions that have a 
cut-off. This cut-off manifests itself in a divergence of 
the switching rate, that stabilizes the state. We con- 
sidered both Pauli stabilization from a quantum point 
contact, as well as stabilization from a microscopic ran- 
dom telegraph process. While the measurement of full 
counting statistics requires a mesoscopic instability be- 



cause of the long time scales involved, the stabilization 
effect from the random telegraph process should be vis- 
ible in macroscopic nonlinear elements. We proposed a 
quantum double dot operating in the resonant tunneling 
regime as an implementation of the threshold detector of 
rare shot noise fluctuations. Constrains on the conduc- 
tance of the measured conductor, and the capacitance of 
the central dot were discussed. 
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